Introduction
The murine colon is lined with a rapidly renewing and highly regulated epithelium consisting of columnar enterocytes, mucin producing goblet cells and enteroendocrine cells. All epithelial cell proliferation occurs in highly ordered structures termed crypts that consist of approximately 500 cells . Stem cells located at the base of the crypt give rise to a dividing population that dierentiates into the three lineages of cells. There is continuous migration towards the top of the crypts, where many of the cells undergo apoptosis (Gavrieli et al., 1992) . During development, dierentiation of the murine intestine occurs in a proximal to distal wave, between embryonic days (E) 15 and 19, although crypts continue to lengthen and divide by ®ssion until 28 days postnatal, after which homeostasis is attained (Gordon and Hermiston, 1994) .
Several transgenic mouse systems have produced alterations in gut formation or biology. These include mice lacking one allele of the homeobox gene cdx2 that were prone to colonic tumors (Chawengsaksophak et al., 1997) , and mice nullizygous for the transcription factor fkh6 that had epithelial abnormalities of the stomach and small intestine (Kaestner et al., 1997) . Targeted deletion of the cytokeratin 8 gene altered gut development leading to colonic hyperplasia (Baribault et al., 1994) while over-expression of the adhesion molecule APC aected small intestinal epithelial cell migration . E-cadherin overexpression suppressed small intestine crypt cell proliferation, induced apoptosis and slowed migration ; recently, expression of a stable form of b-catenin was shown to have similar eects (Wong et al., 1998) . Finally, targeted disruption of Trefoil proteins also leads to gastric or intestinal abnormalities (Lefebvre et al., 1996; Mashimo et al., 1996) .
The most common gastrointestinal tract tumors in humans arise in the colon, in which the c-myb protooncogene is frequently over-expressed (Alitalo et al., 1984; Ramsay et al., 1992; Torelli et al., 1987) . C-Myb is a transcription factor with a helix ± turn ± helix DNA binding domain required for sequence speci®c DNA binding activity, an acidic transactivation region, and a negative regulatory region (Thompson and Ramsay, 1995) . c-Myb is well characterized in the hematopoietic system where it is expressed in immature proliferating hematopoietic cells and in activated mature T-cells (Calabretta and Gewirtz, 1991) . It is necessary for the expansion of most hematopoietic lineages (Badiani et al., 1994; Lyon et al., 1994; Mucenski et al., 1991 ) with a reduction in the level of c-Myb detected prior to dierentiation (Todokoro et al., 1988) . Conversely, the maintenance of high c-Myb levels can block hematopoietic cyto-dierentiation (McMahon et al., 1988; Yanagisawa et al., 1991) .
In the mouse embryo c-myb is expressed early in the development of neuronal and many epithelial tissues, including liver, kidney and colonic mucosa. Expression persists in the adult colonic epithelia in both mouse and human (Rosenthal et al., 1996) and antisense oligonucleotide experiments have shown c-myb may regulate human colonic cell growth (Melani et al., 1991; Ramsay et al., 1992) . In colorectal polyps c-Myb is present at higher levels than in the normal mucosa with increasing levels of c-Myb present in dysplastic polyps and adenocarcinoma (Ramsay et al., 1992) .
We have used c-myb7/7 mice (Mucenski et al., 1991) to directly investigate the role of c-myb in normal colon development. The eect of the c-myb deletion on intestinal development could not be assessed in situ since mice with targeted disruptions of both c-myb alleles die at E15 due to a severe defect in fetal liver hematopoiesis (Mucenski et al., 1991) . However, we have dissected colon from c-myb7/7 embryos at E14 and transplanted the tissue under the kidney capsule of recipient adult mice, thus allowing development to proceed. Colon tissue that developed from the c-myb nullizygous embryos had a profound disorganization of the epithelium revealing a direct requirement for c-myb during colon development.
Results

Characterization of the c-myb7/7 mice
We have previously designed a c-myb knock-out construct which contains a neomycin cassette in reverse orientation inserted into exon 6 of the c-myb gene, just downstream of the DNA binding region (Mucenski et al., 1991) (Figure 1A ). Heterozygous mice appear to be normal, however 25% of the F1 generation fetuses are very pale, lack non-nucleated erythrocytes, and die in utero at E15. Southern blotting of BglII-digested DNA from littermate embryos reveals the expected 2.3 kb bands in wildtype DNA and 3.5 kb bands in the DNA from pale fetuses indicating the presence of the disrupted c-myb transgene ( Figure 1B ).
Northern analysis of RNA from E12 intestine and liver with c-myb revealed the presence of the expected 4 kb transcript in wildtype and a diminished signal in heterozygous intestine, while no transcript was detected in the c-myb7/7 tissues ( Figure 1C ). These data, taken together with negative Western analysis for cMyb protein in c-myb7/7 tissues and the genetic evidence of no dominant negative aects in heterozygous mice, indicate the c-myb7/7 embryos are functionally nullizygous for c-myb.
Disruption of c-myb leading to abnormal colonic crypt development c-myb7/7 mice die in utero at E15 with an almost complete block in fetal liver erythropoiesis. At E14 the c-myb7/7 embryos are of normal size but much paler than the wildtype or heterozygous littermates. Cross sections of the colons from wildtype and mutant c-myb mice at E14 are similar in dimension and cellularity (Figure 2A and B). Immunohistochemical staining with anti-PCNA antibodies revealed that most cells in the colon from both wildtype and c-myb7/7 fetuses were in cycle (stained black), indicating that the mutant colon tissue was dividing when the transfer operations were undertaken (Figure 2A and B). Therefore, an intact c-myb is not required for colon epithelium proliferation.
E14 embryos were dissected from the uterine and extra-embryonic membranes and the length of intestine between the cecum and rectum was excised under a dissecting microscope. Approximately 2 mm sections of colon were then placed under the kidney capsule of adult mice. Following transfer, the grafts were allowed to develop for 14 days and then the kidneys were removed for histological examination. Ten sets of experiments were performed, each using littermate cmyb7/7 and c-myb+/+ embryos from a single pregnancy and grafting into separate recipient mice.
A low power magni®cation of representative grafts demonstrates the development of the gastrointestinal tissue abutting the kidney ( Figure 2C and D) with two muscle layers and mucosa formed in both grafts. Regions of lymphocyte in®ltration were evident in both control and nullizygous grafts. Figure 3 shows a higher power comparison of normal age-matched colon with transplanted tissues from wildtype, or c-myb7/7 colon, stained with hematoxylin and eosin ( Figure 3A ± C) , or Periodic Acid-Schi's reagent (PAS) ( Figure 3D ± F) . The PAS reaction detects adjacent glycol groups that are present in mucoproteins including the epithelial mucins. The wildtype and heterozygous grafts developed a double muscle layer and lamina propria with an overlying epithelial monolayer. Epithelial cell differentiation into columnar and goblet cells had occurred and regular crypts were formed, similar to those in the agematched control mucosa ( Figure 3A and D) .
The transferred colon from the c-myb7/7 embryos was much less organized than the control colons. Although, the basic tissue types of muscle, stroma and epithelium were present, the crypts were ill formed, often branching and with cells crowded together ( Figure 3C ). Goblet cells were present, as shown by the pink PAS staining ( Figure 3F , black arrow), however the cells tended to be larger than in the wildtype derived colon, and the ordered alternating arrangement of goblet and columnar cells was disrupted. In addition, the nuclei of the columnar cells were sometimes located at the apical or lateral surfaces rather than apposed to the basement membrane, as is the case in the c-myb+/+ epithelium ( Figure 3F , red arrow). These cells were not undergoing mitosis and their abnormal nuclear morphology and position away from the basement membrane was suggestive of cells destined to apoptose. E-cadherin that mediates cell-cell adhesion was evident in both grafts and the presence of collagen type IV revealed that the basement membrane was intact and lay beneath the epithelial layer (data not shown).
Ultrastructural studies
Matched colon grafts from c-myb+/+ and c-myb7/7 fetuses were examined by transmission electron microscopy. Figure 4A shows epithelium within a c-myb+/+ colonic crypt where columnar and goblet cells were aligned on the basement membrane, and microvilli were present on the apical surface of the columnar cells. The mucin granules within the goblet cells were visible and the release of mucin into the lumen from these cells could also be seen. In c-myb7/7 grafts, columnar and goblet cells could also be seen although their arrangement was less ordered ( Figure 4B ). Under higher power ( Figure 4C and D) the microvilli on the columnar cells were clearly visible, together with the underlying mitochondria, and in the goblet cells the dierence in size of the mucin granules was also apparent. Cell-cell interactions including tight junctions at the apical surface, intermediate junctions and desmosomes, were indistinguishable in wildtype and c-myb7/7 tissue.
c-myb is not required for small intestine development
Small intestine grafts from E14 fetuses were performed to compare wildtype with c-myb7/7 tissue development ( Figure 5 ). Crypts of LieberkuÈ hn were ordered and the expected small intestinal cell types were present. Villi had formed with similar organization and dimensions in c-myb7/7 to the control graft and neonatal small intestine. The epithelium was well ordered with regular nuclear alignment and interspersed goblet cells ( Figure  5C and F). These experiments demonstrate that unlike the requirement for c-myb in the development of normal colon epithelium, we have not revealed a role for c-myb in small intestine epithelial development.
Cell migration, proliferation and apoptosis in the c-myb7/7 colon crypts
The disruption in crypt architecture in the c-myb7/7 colon suggested a perturbation in one of the major processes maintaining crypt homeostasis: proliferation, migration, or apoptosis. Transgenic experiments have demonstrated a role for b-catenin in the migration of colon epithelial cells and in cell adhesion (Wong et al., , 1998 Resnik, 1997) . We therefore investigated the cellular localization of this protein in the colon grafts. Immunohistochemical analysis of b-catenin in the colon grafts demonstrated that the localization of b-catenin at the cell-cell junctions was not altered in the c-myb7/7 embryos ( Figure 6A and B). E-cadherin also showed normal localization (not shown). Therefore we did not detect evidence of aberrant expression of molecules that in¯uence the cell position and migration within the crypt. Both proliferation and apoptosis are positioned within de®ned regions of the colon crypts. Proliferation is con®ned to the lower one third of the crypts (Gordon and Hermiston, 1994) , and apoptosis occurs throughout the colonic crypts, concentrating in the region towards the apex (Bedi et al., 1995; Gavrieli et al., 1992) . To identify any changes in proliferation sections were stained with antibodies against PCNA. In the c-myb+/+ colon grafts, cells in cycle were detected in the basal region of the crypts as expected ( Figure   6C ). Similarly, the expression of PCNA in the c-myb7/7 colon grafts was also restricted to cell nuclei in the lower region of the abnormal crypts ( Figure 6D ). Although documenting`disorder' is dicult, it seems that the disruption of the crypt architecture appears to increase in the more luminal region of the c-myb7/7 crypts. For instance, at the base of the crypts, nuclei of the cycling cells in both cmyb+/+ and c-myb7/7 crypts are close to the basal surface but this apparent order decays as cells move into the post-mitotic region of the crypt. Therefore these data suggest that neither the extent of proliferating cells nor their location within the crypt were altered in the c-myb7/7 colon grafts. Importantly, these observations challenge the generally held view that cmyb is required in vivo for cell proliferation as suggested previously (Rosenthal et al., 1996) . Microscopic examination of sections showed a greater frequency of sub-cellular bodies in the graft lumen in wildtype grafts compared to the c-myb7/7 grafts. DNA staining with DAPI of such sections ( Figure 6E and F) highlighted this phenomenon and suggested that there may be a dierence in the amount or timing of apoptosis. The presence of DAPI-bright bodies at the luminal surface of the c-myb+/+ crypts is consistent with dead cells being trapped in the mucin secretions of the goblet cells. The mucin is`pumped' out of the crypts to the luminal surface. However, the c-myb7/7 crypts in general do not open into the central graft-lumen. Therefore we examined the subluminal regions of the grafts for evidence of dead cells. DAPI-bright compact bodies within the two grafts were observed but these appeared to be more common in the c-myb7/7 grafts. The morphology of the brightly staining nuclei is highlighted by examination of these micrographs at a greater magni®cation (Figure  6 see inset; F). As apoptosis is a major factor in crypt homeostasis (Potten, 1992) we investigated this process more fully.
The application of an independent and more quanti®able technique to determine whether there was a dierence in cell death such a TUNEL analysis proved quite dicult in paran-embedded gastrointestinal tract tissues due to a very high background signal. Nevertheless it was possible to detect cells with aberrant nuclei indicative of apoptotic cells by appropriate enzymatic treatments prior to the terminal deoxynucleotidyl transferase reaction. Determining the frequency of apoptotic cells within crypts was relatively straightforward in the grafts from c-myb+/+. In contrast, the c-myb7/7 grafts contain few`normal' crypts with tubular architecture running into the lumen of the grafts. On examination of the wildtype tissues we found that instead of only counting apoptotic (TUNEL positive) cells per longitudinal crypt (eight apoptoses per 22 crypts; 36%) we could pool all crypts to obtain a similar estimate of the apoptotic index (40/ 113; 35%). In contrast, one c-myb7/7 graft showed slightly more than one apoptosis per crypt or 105% of crypts with apoptoses (127/121) and another showed nearly one apoptosis event per crypt or 97% (102/105). These data approximate to a threefold increase in apoptosis in the c-myb7/7 grafts compared to the cmyb+/+ graft. This analysis excluded: (i) apoptotic cells within any region outside a crypt including lymphocyte in®ltrates; (ii) any DNA bodies away from the luminal surface; and (iii) included tightly clustered bodies away from the basement membrane as a single event. Micrographs of TUNEL positive cells are shown in Figure 6G and H. C-myb7/7 grafts had more TUNEL positive cells than the c-myb+/+, and commonly contained clusters of apoptotic cells that were not scored as separate events ( Figure 6H ). These limited data have been viewed with caution because they are based upon a number of assumptions. Nevertheless, the assertion can be made that the cmyb7/7 and c-myb+/+ grafts show dierent apoptosis pro®les at the luminal surface of, and within the grafts, and that the c-myb7/7 grafts contain more apoptotic cells than the wildtype grafts.
C-Myb has been reported to directly regulate the transcription of the bcl-2 gene (Frampton et al., 1996; Salomoni et al., 1997; Taylor et al., 1996) , one member of a family of genes involved in the regulation of apoptosis (Reed, 1997) . It is expressed throughout the murine E14.5 gastrointestinal tract epithelium (Novack and Korsmeyer, 1994) and is reported in the adult mouse to be detected in the cytoplasm of a small number of cells at the crypt base (Merritt et al., 1995) . In human colon crypts it is expressed in the proliferating region (Hockenbery et al., 1991; Lu et al., 1993) . We performed Western blotting analysis on individual colon samples from wildtype, heterozygous and c-myb7/7 E14 embryos to allow detection of the Bcl-2 and found a marked reduction in the level of Bcl-2 protein in c-myb7/7 colon ( Figure 7 ). This is consistent with other published reports of the down modulation of bcl-2 following expression of a dominant negative form of c-Myb in a hematopoietic cell line and down-regulation of c-Myb ex-vivo in primary fetal liver cells (Taylor et al., 1996; Hogg et al., 1997) . In contrast, it is interesting that the level of Bcl-2 is unaected by the absence of c-myb in E14 fetal liver or small intestine (Figure 7 ). Therefore our data suggests a link between c-myb function and bcl-2 regulation in the colon, but not in fetal liver or small intestine.
Discussion
C-Myb is expressed in the murine colon epithelium during embryonic development and in the adult colonic crypts. It is also frequently over-expressed in human colorectal neoplasia and tumor cell lines. This has led to the proposal that c-myb has an important role in colorectal tumorigenesis (Alitalo et al., 1984; Torelli et al., 1987; Ramsay et al., 1992) . C-myb knockout mice provided critical data on the importance of c-myb in the hematopoietic system, but they were not instructive of its role in the development of other systems due to embryonic lethality. Grafting of the E14 colon under the kidney capsule of adult mice allowed us to follow the development of this organ beyond the stage of donor fetal death. This technique allows the colon to grow in size and complexity, closely mimicking normal in vivo colon development (Gabriel et al., 1992) . E14 colon consisted of undierentiated, cycling cells and following transfer, it developed a double smooth Figure 6 Analysis of b-catenin expression, proliferation and apoptosis in colon grafts. b-catenin immunohistochemistry was performed on c-myb+/+ (A) and c-myb7/7 (B) colon grafts. In c-myb+/+ tissues the b-catenin was detected at cell-cell junctions of the epithelium with strongest staining towards the basal pole of the cells (black arrows). The epithelium staining in cmyb7/7 sections was indistinguishable from the control, suggesting that no alteration in the localization of b-catenin has occurred in the c-myb7/7 colon grafts. Expression of PCNA detecting presence cycling cells in the crypts of c-myb+/+ and cmyb7/7 tissues is presented in (C) and (D) respectively. In the c-myb+/+ colon grafts (C), cells in the lower third of the crypts have dark PCNA nuclear staining as expected (black arrow). The c-myb7/7 graft (D) also contain cycling cells in the lower region of the crypt-like structures (black arrow). This lower region of the crypts is more ordered than the more luminal sections, and proliferation does not seem to be altered, suggesting that abnormal proliferation is not responsible for the unusual crypt architecture. (E) and (F) Representative sections of c-myb+/+ and c-myb7/7 colon grafts stained with the blue¯uorescent dye DAPI and photographed under UV light. Brightly¯uorescent cell nuclei with the condensed chromatin and nuclear fragmentation typical of apoptotic cells are evident at crypt apices in the c-myb+/+ colon section (white arrows) (E). The c-myb7/7 sections also have evident apoptotic cells in the epithelium. The fragmented nuclei are more obvious at higher magni®cation (inset) (white arrows). TUNEL staining of c-myb+/+ and c-myb7/7 grafts (G and H) indicates the presence of apoptotic cells is more numerous in the c-myb7/7 sections (white arrows). In addition, clustering of dead cells was a more common feature of the cmyb7/7 grafts (double white arrows)
c-Myb and colon development M Zorbas et al muscle layer of normal appearance, stromal tissue and crypts with ordered arrays of columnar and goblet cells. The presence of small nuclear bodies in the lumen of the transplant is suggestive of apoptosis at the crypt apices and is characteristic of normal crypt homeostasis.
The central ®nding of this study has been the profound lack of organization observed in colon epithelium in the c-myb7/7 colon grafts. It was less regular in appearance with ill-formed crypts and cells appeared distorted with perturbed nuclear placement. Ultrastructural analyses showed normal cell-cell junctions, and b-catenin expression and localization. The basement membrane was unaltered according to collagen type IV localization and EM ultrastructure studies. The goblet cells, however, appeared somewhat larger, as did the mucin granules within the cytoplasm. They commonly appeared to be displacing the adjacent columnar cells that frequently had an elongated, or occasionally distorted morphology. Importantly, comparable experiments using E14 small intestine as transplant material showed apparently normal crypt and villus formation in both c-myb+/+ and c-myb7/7 grafts. This contrast in the capacity for normal small and large intestine development in the transplants suggested c-myb was more important in colon development than in small intestine. This was surprising, since in adult mice, c-myb is expressed in the small intestine epithelium at levels similar to the colon expression (Thompson and Ramsay, 1995) .
Given the importance of c-myb in the maintenance and proliferation of early hematopoietic lineages, it was conceivable that the perturbation in crypt architecture was related to dierences in the proliferative capacity of the epithelial cells. However, there was no evidence to support this, as the proliferating cells were present within the crypt base and their distribution was indistinguishable from that within wildtype crypts (Figure 6C and D) .
The grafts were investigated for evidence of apoptosis whereby we detected cells with fragmented nuclei at the crypt apices much more frequently in the grafts from c-myb+/+ than c-myb7/7 colon. Apoptopic cells at the apex of the crypts are thought to be extruded (Iwanaga, 1995) or engulfed by adjacent cells (Hall et al., 1994) . Notably the c-myb7/7 grafts had less detectable apoptotic cells than the c-myb+/+ grafts at the luminal surface but importantly, within the crypts the frequency of TUNEL positive cells was greater in the c-myb7/7 grafts. These data imply that the absence of c-myb leads to premature apoptosis within the crypts.
Recent reports implicate c-Myb as a regulator of apoptosis, acting via transcriptional regulation of bcl-2 in humans, mice and chickens (Frampton et al., 1996; Salomoni et al., 1997; Taylor et al., 1996) . Bcl-2 is expressed in epithelial cells at the crypt-base, where it may be responsible for protecting stem cells from apoptosis (Hague et al., 1994; Merritt et al., 1995) . The c-myb7/7 colon expresses reduced levels of Bcl-2 protein perhaps altering the distribution and/or timing of apoptosis. In support of this view is our observation that the level of apoptosis at the lumen surface is reduced in c-myb7/7 grafts and greater within the body of crypts. However, this interpretation is based upon measurements comparing very dierent crypt formation in the c-myb+/+ and c-myb7/7 grafts. Nevertheless, we have recently demonstrated that in human colorectal cancer epithelial cell lines the down regulation of c-Myb caused by a dierentiation agent, sodium butyrate, is accompanied by a down regulation of Bcl-2 and increased apoptosis (Thompson et al., 1998) . Therefore c-Myb and Bcl-2 are frequently coexpressed during embryonic development of the gastrointestinal tract, and the alterations in crypt architecture described here could result from disruptions in the regulation of cell growth and death during patterning of the colonic epithelium.
The small intestine does not appear to be morphologically altered by the absence of c-Myb. It has been reported that Bcl-2 is not expressed in adult small intestine crypts (Merritt et al., 1995) . In addition, at E14 the c-myb7/7 small intestine has similar Bcl-2 expression to c-myb+/+ grafts, indicating that at this developmental stage bcl-2 expression is not c-Mybdependent in the small intestine. This suggests that the eects upon colon crypt development mediated by the absence of c-myb are a consequence of altered apoptosis perhaps through colon-speci®c regulation of bcl-2. Therefore, while Bcl-2 may be regulated in part by c-Myb in the colon, this appears not to be in the case in the small intestine or liver.
Bcl-2 nullizygous mice have been reported to have defects in the small intestine, including bizarre villi (Kamada et al., 1995) . Other authors have found a signi®cant increase in apoptosis in colon crypts, but no change in small intestine crypt apoptosis (Merritt et al., 1995; Nakayama et al., 1994) . It is noteworthy that the relative dierence in apoptosis between c-myb+/+ and c-myb7/7 grafts (approximately threefold) and adult bcl-2+/+ and bcl-27/7 colon (3 ± 5-fold) (Merritt et al, 1995) is similar. However, this comparison is somewhat arti®cial, as the two experimental systems are very dierent. Furthermore, since the phenotype of the colon grafts reported here is more extreme than that reported for the Bcl-2 nullizygous colon (an increase in apoptosis), we conclude that c-myb may have a role in this tissue beyond that of bcl-2 regulation.
We have also investigated the expression of other Bcl-2 family members in this system. Western blotting of day 14 colon has demonstrated that the expression of Bcl-x L is not altered in c-myb7/7 embryos, and immunohistochemical analysis of colon grafts with antibodies against Bak revealed identical staining at the Figure 7 Western blotting of Bcl-2 in fetal tissues from the liver, small intestine and colon of E14 fetuses is shown. The ®lter was consecutively probed with antibodies to Bcl-2 and pan-actin. Bclluminal surface of the epithelium (data not shown). Expression of other known downstream targets of cMyb was also examined in the c-myb7/7 mice. RT ± PCR analysis of colon mRNA did not detect changes in levels of c-myc or c-kit, and Western blotting of cdc2 also failed to reveal any change in expression (data not shown).
In summary, we propose a critical role for c-Myb in establishing a normal colon epithelium in the mouse. C-Myb may act at the level of regulating apoptosis via transcriptional regulation of bcl-2, but is also likely to have additional roles in patterning and dierentiation of the colon epithelium during development, as well as in the adult organ
Materials and methods
Mice
The generation of the c-myb+/7 mice has been described previously. Mice were housed in a SPF facility employing a Thoren racking system and the c-myb+/7 colony was maintained on a C57BL/6J background.
Antibodies
Western analysis was performed using hamster anti-mouse Bcl-2 monoclonal antibody 3F11 (1 : 1000) (Veis et al., 1993) detected by mouse-anti-hamster antibody (1 : 2000) (Pharmogen) followed by goat anti-mouse antibody conjugated with horse radish peroxidase (GAM-HRP) (1 : 3000) (Bio-Rad) and anti-Pan-actin monoclonal, C-4 (1 : 1000) (ICN) followed by GAM-HRP (1 : 3000) (Bio-Rad). b-catenin was detected with an anti-b-catenin antibody (1 : 2000) (Santa Cruz) in conjunction with a DAKO LSAB+ detection kit and the mouse anti-PCNA antibody, PC-10 (1 : 200) (Santa Cruz) was used to identify PCNA followed by GAM-HRP at 1 : 250 (Bio-Rad) developed with Pierce Metal enhanced detection reagent.
Southern blotting
DNA was prepared from tissues (Wu et al., 1995) digested with BglII, electrophoresed and transferred to Genescreen Plus membrane (NEN). Filters were hybridized and probed according to manufacturer's instructions. Genotyping employed a c-myb exon 6 probe labeled using a Megaprime DNA labeling System (Amersham).
Northern blotting
Total RNA was prepared from four wildtype, heterzygous and nullizygous embryos veri®ed by Southern analysis (Chomczynski and Sacchi, 1987) and run on a 1% agarose, 18% formaldehyde gel. RNA was transferred to Genescreen Plus membrane (NEN) according to manufacturer's instructions. Filters were hybridized as described above and probed with a c-myb or b-2 microglobulin cDNA, labeled as described above.
Western blotting
Protein was prepared as described previously (Ramsay et al., 1992) . Forty mg of protein was electrophoresed on a 10% PAGE and transferred to Immobilon-P (Millipore) using a semi dry blotter (Bio-Rad). Bands were revealed with Western Blot Chemiluminescence Reagent (NEN) and XAR-5 ®lm (Eastman Kodak, Rochester NY, USA).
Histology and immunohistochemistry
Tissues were ®xed in methacarn (60% methanol, 30% chloroform, 10% acetic acid), dehydrated, cleared and embedded in paran wax. Sections were stained either by a standard hematoxylin and eosin protocol, or, to reveal mucins, were treated with periodic acid, then stained in Schi's reagent [0.5% pararosanaline, 1% Na metabisul®te] (PAS staining) and counterstained with hematoxylin. DNA staining was performed with DAPI (4',6-diamidino-2-phenylindole, Sigma) 1 mg/ml in PBS/10% glycerol.
For immunohistochemistry, sections were dewaxed and rehydrated then endogenous peroxidases were blocked with 0.5% H 2 O 2 . Slides were boiled for 10 min in 0.01 M Na Citrate buer pH 6.0, or in Target Unmasking Fluid (KreaTech Diagnositics, Amsterdam, The Netherlands), blocked with 10% NFMP in TBS, 0.1% Tween-20, then antibodies were added in 1% NFMP and allowed to incubate overnight as previously described (Rosenthal et al, 1996) . Slides were washed, then incubated with second stage reagent (GAM-HRP) and revealed using metal enhanced DAB (Pierce). Slides were counter stained with hematoxylin.
TUNEL assays
Tissues were ®xed for 3 h in 4% paraformaldehyde and embedded in paran. Sections were dewaxed and dehydrated, then TUNEL assays were performed using an in situ cell death detection, POD kit (Boehringer Mannheim). Brie¯y, sections were incubated with proteinase K in Tris pH 7.4 for 15 min at 378C. Slides were rinsed with PBS and blocked with 0.3% H 2 O 2 in methanol for 30 min at room temperature. Following incubation in 0.1% Triton-X100 on ice for 2 min and washes in PBS, the terminal deoxynucleotidyl transferase was applied to sections for 60 min at 378C in buer provided by the manufacturer. The sections were washed and incubated with the sheep anti-¯uorescein-horse radish peroxidase conjugated antibody diluted 1 : 1 with blocking solution (PBS 10% FCS, 10% non-fat milk powder) for 30 min at 378C. The enzyme activity was revealed with DAB as described above and the sections were counterstained with haematoxylin, dehydrated and mounted.
Electron microscopy
One to 2 mm 3 sections of colon graft were excised from the kidney surface, ®xed for 3 h in 2.5% glutaraldehyde, 2% paraformaldehyde in 0.08 M Sorensen's PBS pH 7.3, then stored at 48C in Sorensen's PBS 5% sucrose at 48C for several days. Tissues were osmicated in 2% osmium tetroxide (ProSciTech) in PBS at room temperature for 90 min, then rinsed twice in distilled water for 5 min. Samples were dehydrated in graded ethanols and passed through two changes of absolute acetone before being embedded in Spurr's resin. Sections were cut on an Ultracut E Ultramicrotome (Leica), double stained in methanolic uranyl acetate and Reynold's lead citrate and viewed in an Hitachi H600 Transmission EM.
Intestine grafts
E14 embryos were removed from the uterus, and the placenta was placed on dry ice for later DNA extraction. The gut was externalized using a binocular microscope and the region between the cecum and rectum excised and cut into 2 mm sections. Gut tissues were stored on ice in PBS until required. Adult c-myb+/+ mice from the knock-out colony were anesthetized with 5% ketamine (Ketavet, Kalta, Australia) and 5% xylazine (Rompur, Kalta) in saline. A 0.02 ml/gram mouse was injected intraperitonealy, an incision was made on the left¯ank caudal to the ribs and the left kidney c-Myb and colon development M Zorbas et al externalized. The kidney capsule membrane was lifted and a small incision made with ®ne forceps. The colon section was inserted under the capsule, the kidney reintroduced into the abdominal cavity and the peritoneum closed with sutures. The skin was closed with wound clips and the mice allowed to recover and after 14 days were sacri®ced for tissues. Grafts of small intestine were performed as above, with small sections of foregut, excised from midway between the cecum and stomach.
